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ACTIVE MATERIAL FOR POSITIVE ELECTRODE OF LITHIUM 
SECONDARY BATTERY 

BACKGROUND OF THE INVENTION 

This invention relates to a lithium secondary battery in which a 
lithium-nickel composite oxide is used as the active material for positive 
electrode and more particularly to an active material for positive 
electrode of a lithium secondary battery that makes it possible to 
improve the initial capacity of the battery. 

Lithmm secondary batteries are compact and have a high capacity, 
so they have rapidly penetrated society by being used in mobile 
telephones, video cameras, PDAs (Personal Digital Assistants) and the 
like. Furthermore, recently, much research and development is being 
advanced with the aim of using them in automobiles such as a hybrid 
vehicle. Meantime, currently there is a high demand from society for 
batteries having high capacity, and that are safe and have excellent 
output characteristics. 

Lithium-nickel composite oxide (hereafter referred to as LNO), 
which is one kind of positive electrode material used for lithium 
secondary batteries, has higher capacity than the lithium-cobalt oxide in 
current mainstream, and has advantages in that the material Ni is 
inexpensive than Co and it is easier to obtain, so it is expected to 
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become the next-generation positive electrode material, and research 
and development is continuing for it. In a lithium secondary battery, 
when charging the battery, lithium dissolves into the electrolyte from 
the active material of the positive electrode, then passes through the 
separator and enters in a layer of the negative electrode, such as in the 
graphite layer that is capable of holding lithium. When discharging the 
battery, the reverse reaction occurs, and the lithium leaves the negative 
electrode and passes through the separator, then enters the lithium site 
in the lithium layer of the active material for positive electrode. 
Therefore, when charging and discharging a lithium secondary battery, 
the lithium becomes lithium ions that move back and forth between the 
positive and negative electrodes in this way. 

When using this kind of secondary battery that uses LNO in an 
automobile, having high capacity is one of its important requirements 
for characteristics. In looking at conventional measures, for example as 
disclosed in Japanese Patent Publication No. Tokukai Hei06(1994)- 
060887, in the case of a positive electrode having a main material of LL 
NiOy (where 0 < x i 1.3, 1.8 < y < 2.2), a positive electrode material for 
which the X-ray diffraction intensity ratio of a specified lattice plane of 
the positive electrode material is regulated, and whose specific surface 
area according to the BET method is in the range from 0.5m 2 /g to 10 m* 
/g, has a large discharge capacity. On the other hand, as disclosed in 
Japanese Patent Publication No. Tokukai Heil0(1998)-162830, when it 
is premised that the sulfur content is 0.5 weight % or less in LiNi02 
powder or LiNii^ IVLOs powder (where 0 < x i 0.4, M = at least one 
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member selected from the group of Co, Mil, B, Al, V, P, Mg and Ti), it is 
preferable from the aspect of preservability that the specific surface area 
is 0.01 to 0.5 m 2 /g. In the above disclosures, however, information 
regarding the specific surface area of LNO for improving the initial 
capacity is undetermined. 

Moreover, as disclosed in Japanese Patent Publication No. Tokukai 
2000-30693, in order to obtain a high initial capacity, the LNO must 
have a higher Li site occupancy rate (97% or more). The term "Li site 
occupancy rate" indicates the percentage of Li ions occupying the Li site 
in the Li layer in the LNO crystal. 

However, when the Li site occupancy rate becomes 98% or greater, 
it is difficult to obtain correlation with the initial capacity, so in order to 
develop a lithium secondary battery with even higher capacity, a new 
index having a correlation with the initial capacity is necessary other 
than the Li site occupancy rate. 

In the case of the LNO described in Japanese Patent Publication 

No. Tokukai 2000-30693, the average particle size of the primary 
particles is regulated, however the average particle size of the Becondary 
particles is not regulated. 
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SUMMARY OF THE INVENTION 

An object of the present invention is to provide an active material for 
positive electrode of the lithium secondary battery which is expressed by 
the general formula Li* (Nii. y Coy )i^MtOa (where 0.98 i x i 1.10, 0.05 i y 
i 0.4, 0.01 i zi 0.2, M = at least one element selected from the group 
of Al, Zn, Ti and Mg), wherein according to Rietveld analysis, the Li site 
occupancy rate for the Li site in the crystal is 98% or greater, and the 
average particle size of the spherical secondary particles is 5 U m to 15 
lim, and wherein the difference in specific surface area betwwen before 
and after the washing process is 1.0 mVg or less, 

BRIEF DESCRIPTION OF DRAWINGS 

Fig. 1 is a graph of initial discharge capacity of examples in the 
present inventions and comparative examples obtained by charging and 
discharging measurement of a lithium secondary battery. 

Fig. 2 is a graph to show a relation between the initial discharge 
capacity and the Li site occupancy rate of a lithium secondary battery. 

Fig. 3 is a graph to show a relation between the initial discharge 
capacity and the difference in specific surface area between before and 
after washing. 
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EMBODIMENTS 



The invention will be described in detail below. 

The active material for positive electrode of the lithium secondary 
battery of this invention is an LNO (lithium-nickel composite oxide) 
which is expressed by the general formula Li*(Nii. y Co y )i.*Mt02 {where, 
0.98 i x i 1 JO, 0.05 i y i 0.4, 0.01 * z i 0.2, M = at least one element 
selected from the group of Al, Zn, Ti and Mg) 5 and according to Rietveld 
analysis, the Li site occupancy rate for the Li site in the crystal is 98% 
or greater, and the average particle size of the spherical secondary 
particles is 5 Mm to 16 Mm. 

In the present invention, the LNO particles are subjected to a 
washing process for use in the active material for positive electrode. 
The specific surface area of the spherical secondary particles of LNO 
becomes stable after the washing process. It is preferred that the 
difference between the specific surface area after the washing process 
and the specific surface area before the washing process be 1.0m 2 /g or 
less. 

The lithium secondary battery of this invention uses the active 
material described above for the positive electrode. 

Each of the elements of the active material for positive electrode of 
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the lithium secondly battery of the present invention will be explained 
below. 

Co 

The Co in the LNO contributes to the improvement of the cyclic 
characteristics, however when the value of y is less than 0,06, it is not 
possible to obtain sufficient cyclic characteristics, and the rate for 
maintaining the capacity drops. Moreover, when the value of y is 
greater than 0.4, the drop in initial discharge capacity becomes large* 
Also, as the amount of expensive Co increases, it becomes impractical to 
use from the aspect of cost. 

M 

*M', additive element, is at least one element selected from the 
group of Al, Zn, Ti and Mn; and when it is uniformly distributed in the 
lithium -nickel composite oxide crystal, the crystal structure of the 
lithium -nickel composite oxide material becomes stable. This makes it 
possible to increase the thermal stability of the lithium secondary 
battery. When the amount of the additive element, indicated by 'z\ is 
less than 0.01, stability of the crystal structure is not seen, and, when 'z 1 
becomes greater than 0.2, the stability of the crystal structure becomes 
more improved, however, the drop in the initial discharge capacity 
becomes large, and is not preferred. 



Factors Related To The Initial Discharge Capacity Other Than The 



Additive Elements 
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The inventors found that in the case of the LNO described above, 
the LNO having the Li site occupancy rate as well as the shape and size 
of the secondary particles regulated, and having a small difference in 
specific surface area between before and after the washing process is 
desirable for use as the active material for positive electrode, leading to 
an increase in initial discharge capacity of the battery. When the active 
material for positive electrode has the aforementioned characteristics, it 
is possible to obtain a lithium secondary battery having high initial 
capacity. 

Li Site Occupancy Rate 

The term "Li site occupancy rate" indicates the percentage of Li 
ions occupying the Li site in the Li layer in the LNO crystal having 
layered rock-salt structure, or in other words, in the LaNiO* . 

When the Li site occupancy rate of the active material LNO is low, 
there is substantially few Li in the Li site, and Ni, Co or M (M = Al, Zn, 
Ti and/or Mg) exists in the Li site; and in most cases, Li leaves the 
crystal structure, and there is a high possibility that it will exist in the 
form of lithium carbonate, etc. Therefore, the LNO crystal structure 
becomes imperfect and thus it is not possible to obtain an active 
material for positive electrode of the lithium secondary battery having 
sufficient capacity and good cyclic characteristics. 

The Li site occupancy rate ie calculated using Rietveld analysis. 
Here, Rietveld analysis is a method in which a crystal structure model is 
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presumed, and where aU of the parameters of the crystal structure 
(lattice constant, Li site occupancy rate, etc.) are adjusted precisely such 
that the X-ray diffraction pattern obtained from that crystal structure 
model matches an actually measured X-ray diffraction pattern. The 
Rietveld analysis is detailed e.g. in the reference : F. Izumi, "The 
Rietveld Method," (ed. by R.A. Yong, Oxford University Press), Oxford 
(1993), Chap. 13, and H. Arai et al, Solid State Ionics, 80 (1995) p261, 
which is incorporated in this specification by reference. 

In order to obtain a secondary battery having a higher initial 
capacity, the LNO must have a higher Li site occupancy rate. As 
mentioned above, up to a Li site occupancy rate of about 98%, there is 
good correlation between the Li site occupancy rate and the initial 
capacity, and the initial capacity becomes higher the higher the Li site 
occupancy rate is. However, when the Li site occupancy rate becomes 
greater than 98%, there is not good correlation with initial capacity, so it 
is necessary to look at the relationship with other parameters for battery 
characteristics. Therefore, in order to obtain a battery having a large 
initial capacity,~in addition to having a~Li site occupancy rate of 98% or 
more, it is necessary to obtain an LNO characterized by another 
parameters that are correlated with the initial capacity. 

Average Particle Size of Secondary Particles 

When the average particle size of LNO secondary particles is le6S 
than 5 Mm, the specific surface area of an active material increases, and 
when used in a battery, there is a possibility that the reaction during 
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charging and discharging will occur rapidly, which is dangerous. Also, 
the tap density of the LNO decreases, so that the discharge capacity per 
unit weight is dropped. On the other hand, when the average particle 
size is greater than 15 U m, the particles are too large, so that the 
electrolyte is unable to sink into the interior of the particles, or the 
diffusion of Li in the interior of the particles cannot be promoted, and so 
the utilization factor drops, and when manufacturing the electrodes, the 
particles break up easily, so the battery density does not rise. 

Measurement of the average particle size was performed using a 
laser-type particle size distribution measurement apparatus (Micro-trac 
particle size distribution measurement apparatus). 

LNO Washing Process 0 

The inventors investigated the characteristics of a LNO powder 
that made it possible to obtain a lithium secondary battery that had 
even higher initial capacity, and as a result found that washing the LNO 
powder with water is effective for use in the active material for positive 
electrode, and that a lithium secondary 'battery that used the washed 
LNO powder had a higher initial capacity in the case where the 
difference between the specific surface area after the washing process 
and the specific surface area before the washing process is 1.0 m'/g or 
less. 

The washing process is a process in which the produced LNO 
powder is mixed with water, and then after a specified amount of time, 
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it is filtered, and the deposit obtained is dried. When washing the LNO 
powder in this way, the LiiCOs, LiOH or Lis SO* impurities that adhere 
to the surface of the secondary particles of the LNO powder are removed 
and the primary particles formed the secondary particles appear on the 
surface, and since the size of those particles is small, the specific surface 
area of the LNO powder after the washing process increases. Also, in 
the case of LNO secondary particles that primary particles adheres 
weakly mutually, the secondary particles are broken up by the washing 
process and the primary particles become separated from the secondary 
particles. According to these effects, it is thought that the LNO powder 
after the washing process shows the characteristic which manufactured 
powder originally had. 

When the washing process is insufficient, the Li* COa, LiOH or 
Li2SO< impurities are not completely removed, and the specific surface 
area after the washing process does not becomes stable. So, by 
performing the washing process until the change in the specific surface 
area becomes small and stable, and taking it to be the end point at 
"which the washing process is complete, it is possible to perform the 
washing process sufficiently, measuring that amount of time taken for 
the washing process. 

The active material for positive electrode of the lithium secondary 
battery of this invention is a LNO powder or which the washing process 
is performed and where the difference in specific surface area between 
before and after the washing process is 1.0 m*/g or less; and when that 
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LNO is used as the active material for positive electrode, a lithium 
secondary battery having a high initial capacity is obtained. When the 
difference in specific surface area between before and after the washing 
process of the LNO powder is greater than 1.0 m*/g, the size of the 
primary particles forming the secondary particles is too small, and so it 
is presumed that the crystallinity of the particle surface decreases, and 
that there will be a decrease in the discharge characteristics. Also, in 
the case where the secondary particles are broken up due to the washing 
process and the primary particles separate easily, the difference in 
specific surface area between before and after the washing process is 
greater than 1.0 m 2 /g, and it is thought that for this kind of LNO 
powder, since primary particles adheres weakly mutually form 
secondary particles, it becomes difficult for lithium element to move 
among the LNO primary particles, so that there will also be a decrease 
in the battery characteristics. 

The preferred examples of the invention wiU be explained below 
with reference to the table and figures, however, the scope of the 
invention is not limited to these examples. 

(Examples 1 to 11, and Comparative Examples 1 to 5) 

Nickel sulfate crystals are mixed with cobalt sulfate crystals such 
that the Ni/Co mole ratio is 0.83/0.17, and then the mixture is dissolved 
in water to obtain an aqueous solution, to which an ammonia aqueous 
solution is added a drop at a time and a reaction was carried out at pH 
of from 11 to 13 and a temperature of from 40 *C to 50 *C, to obtain the 
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spherical secondary particles (average particle size of from 5 H m to 15 
//m) of examples 1 to 11 and comparative examples 1 to 3, expressed as 
Nios3 Coo n (OH)2 . Also, by controlling the concentration of the nickel 
during crystallization, the spherical secondary particles (average particle 
size of 4.8 Mm and 16 Urn) of comparative examples 4 and 5, expressed 
as Nio68Coon(OH)2, were obtained. 

The obtained secondary particles were put in water for stirring:, and 
NaAlO* was added until the mole ratio became Al / (Ni + Co + Al) = 0.03, 
after which, sulfuric acid was used to neutralize the solution to pH = 9.5. 
The structure of the obtained spherical secondary particles was (Nicw 

CO0.17 )o.97 Alo.OS (OH)2 • 

Moreover, the spherical secondary particles (examples 1 to 11, 
comparative examples 1 to 5) were mixed with lithium hydroxide such 
that the mole ratio became Li / (Ni + Co + Al) = 1.04, then they were 
placed in a high-speed mixer and mixed with water as a binder at a 
ratio of 8.4 weight %. Of the obtained granulated substance, examples 
ltd ll~aM~comparative examples 4 and 5 were sintered in an furnace 
adjusted to an oxygen atmosphere at a sintering temperature of 750 *C . 
Comparative examples 1 to 3 were sintered at a sintering temperature 
of 690 °C. The obtained sintered products were then crushed in a pin 
mill crushing machine. The obtained sintered products are useful for 
the active materials for positive electrode wherein composition was Lii.w 
(NkasCoo.i7)o.e7 AI0.03O2, and the average particle sizes were as shown in 
Table 1. 
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X-ray diffraction measurement was performed for the obtained 
active materials (examples 1 to 11, comparative examples 1 to 5), and 
the Li site occupancy rates for each were determined using the Rietveld 
method. 

X-ray diffraction measurement was performed using an X-ray 
diffraction apparatus that uses Cu-K a rays (Rigaku Ltd., Model RAD- 
T VB). Rietveld analysis was performed using the analysis software 
'RIETAN94' (freeware): 

The Li site occupancy rates obtained by Rietveld analysis are 
shown in Table 1. 
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[Table 1] 
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ex : example; com : comparative example 



Furthermore, the specific surface area of the active material of 
example 1 was measured using a specific surface area measurement 
apparatus (Yua6a Ionics, Ltd., mode Quantasorb QS-10) that uses a 
Nitrogen adsorption method. Next, 20 g of the active material was 
placed in a beaker with 500 g of water and stirred with the stirrer. The 
temperature was 25 'C . After one minute, the slurry was filtered and 
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the obtained deposit was dried at 150 *C for 24 hours in a vacuum drier. 
The specific surface area of the active material after the washing process 
was measured and subtracted from the specific surface area before the 
washing process to find the difference. 

The active materials for positive electrode of examples 2 to 11 and 
comparative examples 1 to 5 were measured in the same way as 
example 1. 

The differences between the specific surface areas of the active 
materials after the washing process and the specific surface areas before 
the washing process are shown in Table 1. In examples 1 to 3, the 
differences in specific surface area between before and after the washing 
process were less than 1.0 mVg. 

Furthermore, spirally wound type lithium secondary batteries were 
made using each of the active materials for positive electrode. 

First, the active materials for positive electrode at 25 *C were 
mixed with carbon black as a conductive material, and polyvinylidene 
fluoride (PVDF) as a binder at weight ratio of 85 : 10 : 5, and then 
dissolved in N-methyl-2-pyrrolidone (NMP) to form a cathode active 
material paste. The obtained active material paste was then applied to 
both sides of an aluminum foil using a comma coater, and heated to 100 
°C and let to dry to form a positive electrode. A load was applied to the 
positive electrode using a roll press and the positive electrode was 
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formed into a sheet having improved electrode density. 

Next, an active material for negative electrode made of graphite 
mixed with the binder PVDF at a weight ratio of 92.5 * 7.5 was dissolved 
in an NMP solution, and an active material paste for negative electrode 
was obtained. The obtained active material paste was applied to both 
sides of a copper foil using a comma coater as was done for the positive 
electrode, and dried at 120 *C to obtain the negative electrode. A load 
was applied to the negative electrode using a roll press and the negative 
electrode was formed into a sheet having improved electrode density. 

The obtained positive electrode sheet and negative electrode sheet 
were separated by a separator made of a 25 Urn thick fine porous 
polyethylene sheet and wound to form a wound-type electrode. In the 
state where the positive and negative electrode have their lead tab 
bonded to their respective terminals, respectively, the wound-type 
electrode was then placed inside the battery case. 

Lithium salt, LiPFe, was dissolved in an organic solvent made by 
mixing ethylene carbonate (EC) with diethylene carbonate (DEC) having 
a volume ratio of 3 : 7 to adjust the lithium salt to 1 mol/dm 9 in the 
electrolyte. 

The obtained electrolyte was poured into the battery case where 
the wound-type electrodes had been inserted, and then the opening 
section of the battery case were covered and the battery case was sealed. 
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Lithium secondary batteries using the active materials for positive 
electrode of examples 1 to 11 and comparative examples 1 to 5 were 
made as described above. 

Measurement of the charging and discharging of the lithium 
secondary batteries using each of the active materials was performed. 
In the measurement of charging and discharging, the batteries that were 
made were let to sit for about 24 hours, and after the OCV became 
stable, the initial capacity was measured for the positive electrode, 
adjusting a current density to 0.5 mA/cm 2 and cutoff voltage from 4.1 V 
to 3.0 V. 

The measurement results are shown in Fig. lv The relationship 
between the Li site occupancy rate and the initial capacity is shown in 
Fig. 2. The relationship between the difference in specific surface area 
between before and after the washing process and the initial capacity is 
shown in Fig, 3. 

The active materials for positive electrode of examples 1 to 11 of 
the invention are spherical secondary particles having an average 
particle size of 5 Mm to 15 Mm, and as shown in Table 1, according to 
Rietveld analysis, the Li site occupancy rate of Li sites in the crystal 
was greater than 98.0%. As shown by ■ in Fig. 2, it was found that 
the initial capacities of the obtained lithium secondary batteries were 
relatively high. 
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Also, in examples 1 to 3 of the invention, the differences in specific 
surface area between before and after the washing process were less 
than 1.0 m 2 /g, and it was found that they had higher initial capacities 
than the other examples. 

Furthermore, in comparative example 4, the specific surface area 
Jbefore .washing was too large, so the reaction during the charging and 
discharging occurred rapidly. In comparative example 5, the specific 
surface area before washing was too small, so the utilization factor was 
very low. 

(Comparative Example 6) 

In comparative example 6, the sintered product was obtained in 
substantially the same way as in example 1 except that the formula was 
adjusted to be Lii.os (Nio.ss Coo.n)0*. The obtained sintered product was 
useful for the active material for positive electrode, and had an average 
particle size of 10 Mm. 

X-ray diffraction and Rietveld analysis were performed on the 
obtained active material for positive electrode. 

Also, in order to evaluate the stability of the crystal structure, 
differential scanning calorimetry was performed to find the exothermic 
peak temperature. Measurement was performed on a sample for which 
LNO was charged to La = 0.3, and then washed with DEC and allowed 
to dry in a vacuum, after which the electrolyte was added. 
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Also, the charging and discharging of the lithium secondary battery 
was measured in the same way as for example 1, and the ratio of the 
initial discharge capacity and the discharge capacity after 50 cycles was 
taken and evaluated as the cycle maintenance rate. 

These results are shown in Table 2. In the case of comparative 
example 6, Al is not added to the composition, :so the initial discharge 
capacity is high. However, the exothermic peak temperature was 223 *C , 
which was low compared to 235 *C for the cathode active material Lii.c* 
(Nkw Coo47)o.$7Alao$02 of example 1 to which Al was added, and it was 
found that the thermal stability of the comparative example 6 was poor. 

(Comparative Example 7) 

In comparative example 7. the sintered product was obtained in 
substantially the same way as in example 1 except that the formula was 
adjusted to be Lii 03 (NiosaCoo 17)0.75 Alo w02. The obtained sintered product 
was useful for the active material for positive electrode, and had an 
average particle size of 10 tim. 

Evaluation of the obtained active material for positive electrode 
was performed in the same way as for comparative example 6. The 
results are shown in Table 2. 

In comparative example 7, a large amount of Al was added to the 
composition, and the exothermic peak temperature shifted to the 
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high-temperature side, and the effect of adding Al appeared. However, 
the decrease in the initial discharge capacity was remarkable in the 
comparative example 7. 



[Table 2] 
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com : comparative example 



This invention is capable of providing a lithium secondary battery 
having a high initial capacity. 



20 



